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Achieving low resistance contacts to graphene is a common concern for graphene device
performance and hybrid graphene/metal interconnects. In this work, we have used the circular
Transfer Length Method (cTLM) to electrically characterize Ag, Au, Ni, Ti, and Pd as contact
metals to graphene. The consistency of the obtained results was verified with the characterization
of up to 72 cTLM structures per metal. Within our study, the noble metals Au, Ag and Pd, which
form a weaker bond with graphene, are shown to result in lower contact resistance (Rc) values
compared to the more reactive Ni and Ti. X-ray Photo Electron Spectroscopy and Transmission
Electron Microscopy characterization for the latter have shown the formation of Ti and Ni carbides.
Graphene/Pd contacts show a distinct intermediate behavior. The weak carbide formation signature
and the low Rc values measured agree with theoretical predictions of an intermediate state of weak
chemisorption of Pd on graphene.VC 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4933192]
Graphene has emerged as one of the promising candi-
dates for post-Si electronics, both for channel (Logic, RF,
sensors) and interconnect applications. Regardless of the
final application, graphene contact engineering is key for
performance. Contact resistance (Rc) contributes signifi-
cantly to the overall device resistance. Especially for aggres-
sively scaled devices, Rc can be an important limiting factor.
Therefore, the interaction between metal contacts and gra-
phene, as well as the resulting Rc values, are important pa-
rameters for graphene device performance and for hybrid
graphene/metal interconnects.
Reported Rc values depend on the metal used, the gra-
phene type (exfoliated, CVD grown, epitaxially grown), the
type of contact (top or side contact), the fabrication and post-
fabrication treatments applied, the metal quality, and the
interface cleanliness. Reported Rc  W resistivity values
show large scatter ranging from tens of kilo-ohms per lm
down to few hundred ohms per lm for various metals and
contact architectures.1–23 Among the lowest values, Rc  W
of 185620X lm is reported for exfoliated graphene and Pd
contacts.1 Rc  W  100X lm is reported for exfoliated gra-
phene sandwiched between boron nitride layers with Cr/Pd/
Au edge contacts,18 showing that the fabrication of edge con-
tacts can be promising for the Rc decrease. Finally Rc  W
values below 100X lm have been recently reported when
using highly pure Pd contacts.23
The transport behavior of the contacts is determined by
the metal selection. The properties of graphene are altered
by the metal contact. In theoretical studies,24–26 two distinct
cases are described. Metals such as Ni, Co, Ru, and Ti are
expected to chemisorb on the graphene lattice. In this case,
the d orbitals of the metals are strongly interacting with the
graphene p orbitals. The graphene band structure is not pre-
served, but a gap opens where hybridized states appear.
Metals such as Ag, Cu, Cd, Ir, Pt and Au, are characterized
by more stable d orbital configurations and therefore are
expected to physisorb on graphene. The outer shell s orbitals
of the metals are interacting with the graphene p orbitals
via a combination of van der Waals attraction and Pauli
exclusion repulsion, forming dipoles at the graphene/metal
interface. This is a weak interaction, characterized by preser-
vation of the characteristic conical band structure of gra-
phene. For the physisorbed metals, charge transfer will occur
between graphene and metal resulting in a shift of the gra-
phene cone and inducing n or p doping. The type and the
amount of doping depend on the workfunction difference
between graphene and metal. The formation of dipoles at the
interface will also affect doping as it will result in an addi-
tional potential step. A particular case is Pd. According to
some studies, it is expected to chemisorb on graphene in a
similar way to Ni, Co, Ru, and Ti.24–26 However, other stud-
ies report that Pd rather exhibits an intermediate mixed char-
acter of weak chemisorption.27–30 The band structure of
graphene is altered, but a weaker bonding occurs as com-
pared to the case of the other chemisorbing metals.
In this work, we are extracting statistical electrical data
over large device datasets for five representative contact met-
als, Ag, Au, Ni, Ti, and Pd. All the devices are fabricated on
blanket CVD (Chemical Vapor Deposition) grown graphene
samples (2 2 cm2) by a single photolithography step and
metal lift-off. Although exfoliated graphene is still of the
highest quality, synthetic graphene is upscalable and thus
the most relevant for practical applications. After electrical
characterization, the metal/graphene interface is probed by
X-ray Photo Electron Spectroscopy (XPS) and Transmission
Electron Microscopy (TEM). Details on fabrication anda)Electronic mail: Maria.Politou@imec.be
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characterization are given in the supplementary material.31
The selected metals are commonly employed contact metals
and are representative metals of different workfunctions and
different metal/graphene bond strengths. 50-nm of Au and
Pd are deposited while Ti, Ni, and Ag (30 nm) are capped
with 20 nm Pd. All the metals are deposited by evaporation
at a background pressure of 106 mbar.
Contact (Rc) and sheet resistance (Rs) values are extracted
via the circular Transfer Length Method (cTLM).32,33 Due to
the circular configuration, current spreading effects are limited.
In Figure 1, a schematic representation, a SEM, and an optical
image of the structures are given. For the Rc extraction, Ids–Vds
curves were measured at room temperature (25 C) and at zero
back-gate voltage Vg. Before measuring, all samples were
annealed at 150 C in N2 for 1 h to reduce the effect of surface
doping from ambient conditions (supplementary material
Figure S1).
Cumulative distribution function (CDF) plots are made
for each contacting metal in Figure 2, clearly visualizing the
distribution of Rc  W values from up to 72 structures across
the sample. Rc  W is the normalized Rc by the contact width
W (W ¼ 2pR). Three distinct regions are observed. The lower
average Rc  W values in the order of 3–5 kX lm are found
for the noble metals, Ag, Pd, and Au. Ni results in an average
value Rc  W  9 kX lm and average Rc  W  48 kX lm is
measured for Ti contacts. The distribution of Rc  W values
measured for every metal is narrow with an exception in the
case of Ti. Sheet resistance values span between 1 kX and
3 kX for all the samples (supplementary material Figure S2).
For further in-depth understanding, we use Angle
Resolved X-ray Photo Electron Spectroscopy (ARXPS) to
characterize the metal/graphene interface for Ti, Ni, and
Pd. In order to obtain information about the interface, several
sputter steps were applied. As soon as the survey scans
picked up a carbon signal, detailed XPS measurements were
executed at that point. Further sputtering was omitted to limit
damage to the graphene layer. An exit angle of 22 (meas-
ured from the normal of the sample) will give details of
the graphene/metal interface, whereas an exit angle of 78
will give details closer to the surface. In order to reduce sput-
tering time and limit roughness formation due to sputtering,
metal contacts of only 10 nm were deposited for the XPS
study. After observing strong oxidation for Ti (supplemen-
tary material Figure S3), thicker contacts of 30 nm Ti capped
with 20 nm Pd were examined for that case.
The XPS spectra of Ti/Pd (30 nm/20 nm), Ni/Pd (10 nm/
10 nm), and Pd (10 nm) contacts are shown in Figure 3. For
the Ti samples, apart from the Ti metallic double peak
(Figure 3(a)) at 455 eV and 461 eV, we also observe
the formation of Ti carbide at the graphene/Ti interface
(Figure 3(b)) manifested with a strong peak at 282 eV of
the C1s scan. Contrary to the thin samples (supplementary
material Figure S3), no signature of strong oxidation is pres-
ent in the case of thick capped Ti. Within the XPS detection
limits, only a small Ti oxide component can be observed
(Figure 3(a)).
For the sample with the Ni contacts, apart from the
metallic Ni peak at 852 eV (Figure 3(c)), the formation
of Ni carbide is observed at the graphene/Ni interface
(Figure 3(d)) manifested as a tail at the low binding energy
side of the C-C peak at 284 eV. Regarding the Pd contacts
(Figures 3(e) and 3(f)), we observe the metallic Pd peak
and only a very subtle indication of carbide formation
(peak broadening towards the low binding energies).
Evidence of PdC formation between graphene and Pd
observed by XPS has also been reported in the works of Ito
et al.34 and Gong et al.35
TEM and Energy Dispersive Spectroscopy (EDS) char-
acterizations were additionally performed for Ti and Ni sam-
ples. The results for the Ti/Pd (30 nm/20 nm) sample are
shown in Figure 4. In the results of Figures 4(b) and 4(c), we
clearly observe an oxide layer (plateau in red color data,
inverse triangles) at the Ti/graphene interface (full scan
available in supplementary material Figure S4). As no sign
FIG. 1. (a) Schematic representation
and (b) SEM micrograph of an individ-
ual cTLM device. The inset in (b) is an
optical microscope picture of one cTLM
structure consisting of 12 circular elec-
trode configurations (inner and outer)
with electrode spacing ranging from
1lm up to 32lm. The radius (R) of the
inner electrode is 50lm. Each proc-
essed sample consists of 72 structures.
FIG. 2. CDF plots of contact resistivity Rc  W visualizing the distribution
of Rc  W values across the samples. Lower values are obtained for Pd, Au,
and Ag. Slightly higher values are obtained for Ni and very high values of
Rc  W are measured for the Ti contact. The spread of values is also larger
for the Ti sample compared to the other metals.
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of Si (blue triangles) is present at the interface and the layer
appears to be above the graphene layer (green diamonds), we
assume that this is a Ti oxide layer forming rather than the
underlying SiO2 signature. No such layer is present in the
Ni/Pd case (supplementary material Figure S5). We also
assume that the oxide is not an artefact of the TEM prepara-
tion as the simultaneous presence of Ti-O and Ti-C already
during metallization has been reported before.36,37 In an
atmosphere where oxygen residuals are still present, Ti is
observed to preferentially bind first with oxygen and subse-
quently with carbon, leading to TiC formation. The metallic
Ti-Ti bond is reported to form last. A rough Pd surface is
additionally observed with TEM (Figure 4(a)). A rough start-
ing surface and the several sputtering steps can be a reason
why the Ti oxide layer is not detected at the graphene/Ti
interface by XPS in Figure 3(a), but only a slight surface oxi-
dation is observed at the surface scan (78). Several layers
may be present simultaneously at the point of measurement a
fact that can hinder the exact location of the detected oxide.
Table I summarizes all observations. The more inert
metals (Ag, Pd, Au) show significantly lower contact resist-
ance compared to the more reactive metals for which metal
carbide formation is measured (Ni, Ti) at the interface. The
Ti case is somewhat special, as a clear Ti oxide layer is
observed above the metal/graphene interface. In Figure 5, we
FIG. 3. XPS spectra of Ti ((a) and (b)), Ni ((c) and (d)) and Pd ((e) and (f)). The black solid line shows the measurements at 22 (interface), whereas the red
dotted line shows the measurements at 78 (surface). Carbide formation is clearly observed in the Ti and Ni case. For the Pd case, the metallic Pd peak is
observed with only a subtle indication of carbide formation within the XPS detection limits.
FIG. 4. (a) TEM and (b) and (c) EDS Data of the Ti/Pd sample. An oxide layer can be identified by EDS at the metal graphene interface. As no Si is present
there, we assume that Ti oxide is forming above the interface.
TABLE I. Electrical and physical characterization results.
Metal Bond WF ðeVÞa Rc  WðkX lmÞb Physical characterization
Pd Chem.c 5.12 2.86 0.4 Very weak carbide
Au Phys.d 5.1 3.96 1.5 No carbide
Ag Phys. 4.26 5.06 0.5 No carbide
Ni Chem. 5.15 9.36 1.0 Ni-C
Ti Chem. 4.33 48.06 5.7 Ti-C, Ti-O
aMetal workfunction.38
bAverage values.
cChem.: Chemisorbed.
dPhys.: Physisorbed.
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plot the obtained Rc  W values vs. workfunction values.38,39
Because of the observed carbides, the reported TiC and NiC
workfunctions are used. The tendency for carbide formation
can be rationalized considering their Gibbs free energy DG.
It holds that DGTiC < DGNi3C. In addition, Au and Ag are
known to form highly unstable carbides,40 therefore less
likely to occur. The observed behavior is consistent with the
location of the metals in the periodic table and the periodic
trends. All metals under study are transition metals. Ti
ð½Ar3d24s2Þ of group 4 takes part to bond formation more
eagerly. Ni ð½Ar3d84s2Þ follows in group 10. Finally, all
transition metals that show lower Rc have full d orbitals
(Pd: ½Kr4d10, Ag: ½Kr4d105s1 and Au: ½Xe4f 145d106s1).
However, in comparison with Ag and Au, Pd has no half-
filled s orbital. A clear trend can be observed correlating the
high Rc values measured with the most reactive metals (Ni,
Ti). Especially, for the case of Ti, Rc values of 5–10 times
higher were measured, compared to the rest of the metals.
Since the TiC formation has been reported to improve the
contact resistance,34 the high Rc observed in our samples
and the large spread in values are correlated with the pres-
ence of the oxide forming a barrier layer between the Ti-
metal and the C-lattice and therefore screening the contact.
The presence of the oxygen is difficult to avoid, and, since
Ti is known as an oxygen getter,41 this markedly shows the
impact of the processing parameters on graphene device
performance.
Among the investigated contact metals, low Rc values
are obtained for the physisorbed metals (Ag, Au), whereas
the chemisorbing Ni and Ti result in higher Rc. A distinct
behavior is observed for Pd. From theory, the band structure
of graphene under Pd is expected to change, similar to Ti
and Ni. However, Pd results in low Rc similar to the physi-
sorbed Ag and Au. In addition, within our XPS study, Pd
shows only a weak indication of carbide formation contrary
to Ni and Ti where the Ni and Ti carbide signature is promi-
nent. Our experimental results, thus, agree with the theoreti-
cal predictions that the Pd/graphene interaction is a weak
chemisorption of “mixed” character. Pd has demonstrated
good performance as contact to graphene in various
works.1,2,9,16,23 In addition, Pd and Pt are modeled by means
of first-principle calculations in the work of Wang and
Che,42 where a distinctly different behavior is reported for
the two metals. Due to the necessary strain for Pd to match
the graphene lattice, it is argued that an exchange transfer
mechanism is triggered that results in increased interaction
states and transmission channels for Pd contacts, allowing
enough p electrons into the graphene. Results that support an
enhanced performance of the Pd/C system are also reported
in the work of Truong-Phuoc et al.43
Comparing the two physisorbed metals (Ag, Au), we
observe that Ag shows slightly higher Rc than Au. In the the-
oretical study of Giovannetti et al.,24 the same two metals
are compared, and it is found that for larger equilibrium dis-
tances Au is expected to dope the graphene more compared
to Ag, since for the corresponding Fermi energy shifts (DEF)
it holds DEF;Ag < DEF;Au (WF;graphene  4:5eV). The lower
doping of Ag compared to Au can explain the slightly higher
observed Rc.
In summary, we have used the circular TLM over large
device datasets to study the contact resistance Rc from a set
of metals Ag, Au, Ni, Ti, and Pd to graphene. Within our
study, the noble metals Au, Ag, and Pd, which form a weaker
bond with graphene, are shown to result in lower Rc values
compared to the more reactive Ni and Ti. XPS and TEM
characterizations for the latter have shown the formation of
Ti and Ni carbides. A distinct behavior is observed for Pd.
Our XPS study shows only slight indication of Pd carbide for-
mation, and a low Rc is measured electrically yielding similar
values as for graphene Ag and Au contacts. Our results are in
agreement with the theoretical predictions of an intermediate
state of “weak chemisorption” of Pd on graphene.
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